Introduction {#Sec1}
============

Invasive breast cancer is a heterogenous disorder with phenotypic changes in tumor cells that promote progression and metastasis. Breast cancer is the second cause of death from cancer among women and the 5-year survival rate in women with metastatic breast cancer is 27%^[@CR1]^. Breast cancer progression is a dynamic process influenced by the tumor microenvironment where resident cells exhibit significant alterations in their genetic expression^[@CR2],[@CR3]^. The genetic alterations in tumor cells during malignant transformation promote ectopic expression of normally silent genes in tumors with potential oncogenic mechanisms^[@CR4]^; cryptic olfactory receptor (OR) gene expression in tumors is an example of these ectopic expressions. Genomic analysis of mammary tumors provides extensive information that has been used to identify significantly altered genes and their interactions with the signaling pathways that correlate with immune cell infiltration, tumor cell invasion, or proliferation in breast tumors^[@CR5]^. Next generation sequencing (NGS) has advanced our capabilities in the discovery of genes with potential roles in breast cancer by providing detailed genomic data from a large number of samples that is suitable for data informatics exploration, as we have carried out in this study.

ORs are the largest gene family in humans with 408 active coding genes and more than 600 pseudogenes^[@CR6],[@CR7]^ identified to date. In non-human vertebrates the OR gene spectrum is considerably broader driving the highly developed sense of smell that is characteristic of canine, rodents and other animals. In the human genome, OR genes have a unique genetic structure such that they are all intron-less and polymorphic^[@CR8],[@CR9]^ and are distributed across 21 of the 23 chromosomes, classified into 18 subfamilies. As to be expected, ORs are principally expressed in dendritic and axonal membranes of olfactory sensory neurons (OSNs) that populate the nasal epithelium as well as the dorsal region of the olfactory bulb^[@CR9]^. ORs are G-protein coupled receptors (GPCRs) that, when activated by their corresponding molecular agonists, initiate OSN signal transduction cascades that facilitate olfactory sensitivity and perception. Beyond their role in olfaction, a handful of ORs are involved in biological processes in tissues outside the nasal cavity. For example, ectopically expressed OR1D4 has roles in mediating human sperm chemotaxis^[@CR10]^ and OR51E2 is expressed in smooth airway muscle cells where it modulates cytoskeletal remodeling when activated by its endogenous ligands, acetate and propionate^[@CR11]^. Recently, several ORs have been shown to play roles in cancer proliferation or progression in a few cancer types. Indeed, OR51E2 and OR51E1 have been reclassified in human prostate cancer cells as prostate specific GPCRs (PSGR and PSGR2 respectively). OR51E2/PSGR activation with β-ionone has been shown to inhibit cell proliferation^[@CR12]^ and prostate tumor xenografts expressing PSGR generate larger tumors in mice compared to normal prostate tumors^[@CR13]^. OR7C1 has been identified as a novel functional marker in colorectal cancer and has been implicated as a potential target for immunotherapy^[@CR14]^. In gastrointestinal neuroendocrine carcinoma, six novel cancer markers have been identified in enterochromaffin cells, one of which is OR51E1^[@CR15]^. In breast cancer, patients carrying mutations in the checkpoint kinase-2 (CHEK2) gene, which is a moderate penetrance breast cancer risk gene, 34 out of 144 elevated genes were OR genes^[@CR16]^. A study on high-fat diet fed mice revealed co-upregulation of breast cancer-related and OR genes among the top upregulated genes during the development of obesity, a potential risk of breast cancer^[@CR17]^. Transcript abundance of OR2B6 was identified in breast tumors from seven patients with ductal carcinoma^[@CR18]^. Previous attempts in identifying the role of ORs in cancer have validated the expression of one or a few ORs in a specific tumor type or cells. A comprehensive genomic analysis of OR genes among a large breast cancer patient population has not been previously reported. This study investigates OR transcript abundance among human invasive breast carcinoma cases.

In this study, we characterized OR upregulation in invasive breast cancer patients by determining the level of transcript abundance and DNA amplification of these genes. Using The Cancer Genome Atlas (TCGA) breast invasive carcinoma study and the cancer cell line encyclopedia (CCLE), we analyzed the abundance of OR gene expression for each and the presence of shared OR genes among invasive breast carcinoma cases and human breast cancer cell lines. Availability of both RNAseq data and DNA copy number alterations across a large patient population, along with clinical survival data, makes TCGA an ideal data source for our comparative investigation. RNAseq data of invasive breast carcinoma cases were obtained and upregulation of ORs and some major breast-cancer related genes was calculated to identify the significantly abundant OR genes. The simultaneous abundance of breast cancer-related genes and OR genes opens the possibility of ORs as key role-players in breast cancer.

Results {#Sec2}
=======

Less than 5% of OR genes are potentially significant in breast cancer {#Sec3}
---------------------------------------------------------------------

To identify the potentially significant OR genes among the invasive breast carcinoma cases, an algorithm was applied that identified 21 upregulated OR genes (\<5% of ORs) with high-level chromosomal copy number (Fig. [1A](#Fig1){ref-type="fig"}). Our two-part algorithm combined transcript abundance level, DNA amplification and prevalence by selecting the OR genes that are 1) significantly upregulated, 2) highly amplified and 3) prevalent among breast carcinoma patients. We defined the intersection of these ORs as "over-expressed OR genes".Figure 1Algorithm for identifying the potentially significant OR genes among breast invasive carcinoma patients. (**A**) By considering the amplification levels, upregulation and prevalence, 21 OR genes were identified as over-expressed ORs. (**B**) 32 OR genes exceeded the sum of OR upregulation and weighted OR upregulation thresholds of significance. (**C**) 92 OR genes exceeded the number of cases with upregulated ORs and weighted OR upregulation thresholds of significance. (**D**) Only 23 OR genes were expressed in more than 10% of the patient population, whereas the majority of OR genes were expressed in less than 5% of the population.

In the first part of the algorithm, the thresholds of significance for sum OR upregulation and weighted OR upregulation were computed as 226 and 4956 respectively (p \< 0.05). 32 OR genes exceeded both thresholds of significance indicating a significantly elevated level of upregulation compared to the other OR genes (Fig. [1B](#Fig1){ref-type="fig"}). In the second part of the algorithm, computing the thresholds of significance for the number of cases with OR upregulation and weighted OR upregulation resulted in 23 and 4956, respectively. Similarly, 92 OR genes exceeded both thresholds of significance indicating prevalence in upregulated OR genes (Fig. [1C](#Fig1){ref-type="fig"}). By comparing the two sets of data, 25 OR genes were shared indicating both significant prevalence and upregulation.

The DNA amplification level corresponding to OR genes in breast invasive cancers may suggest involvement in tumor progression through signaling deregulation and/or mechanistic roles in breast cancer. 383 OR genes were highly amplified in one or more breast carcinoma patients. By comparing the highly amplified OR genes with the 25 OR genes previously identified as significantly upregulated and prevalent, it was found that 21 OR genes show significant upregulation, high-level amplification and high prevalence, as shown in Fig. [1A](#Fig1){ref-type="fig"}. The other four OR genes that were upregulated and prevalent among a great number of cases, were not highly amplified in the tumors and were therefore not included in the "over-expressed OR genes". This is the first identification of OR genes in human breast tumors that are upregulated and amplified in more than 12% of the study population.

Similar analysis was performed to examine the downregulation of OR genes in the breast tumors and resulted in no OR gene with significant downregulation, high-level amplification and prevalence among invasive breast carcinoma patients.

352 out of 408 OR genes initially demonstrated upregulation with greater than 2-fold change (z-score) among 960 invasive breast carcinoma patients. For 285 of the OR genes, the upregulation occurred in fewer than 48 cases (\<5% of the total study population). However, 23 OR genes were upregulated in more than 96 cases (\>10% of the study population) and the 21 over-expressed OR genes in more than 115 cases (\>12% of the study population) indicating greater prevalence (Fig. [1D](#Fig1){ref-type="fig"}).

OR2B6, OR2W3, OR2T8 are significantly upregulated among invasive breast carcinoma patients {#Sec4}
------------------------------------------------------------------------------------------

The potential for OR gene(s) as breast invasive carcinoma markers was evaluated by analyzing the upregulation trends in the over-expressed OR genes. First, hierarchical clustering of the 21 over-expressed OR genes based on their abundance among all the 960 patients in the study identified three groups of OR genes among the over-expressed ORs (Fig. [2A](#Fig2){ref-type="fig"}). The OR genes that are classified in "Group3" had the greatest number of cases out of 960 patients with OR gene upregulation compared to "Group1" and "Group2", and similarly "Group2" ORs had greater number of cases than "Group1" (Fig. [2B](#Fig2){ref-type="fig"}). However, the sum of OR upregulation levels was not significantly different among the three classified OR groups (Fig. [2C](#Fig2){ref-type="fig"}). These observations indicate that there are a few OR genes that are significantly more prevalent among the breast carcinoma patients; however, the total level of upregulation for these OR genes in all the patients is not different. Based on the amplification levels of OR genes in each patient, 198 breast carcinoma cases possess significant upregulation in at least one the 21 over-expressed OR genes. The greatest level of upregulation in these 198 patients were observed in OR2W3, OR2T8 and OR2B6, all in Group2 (Fig. [2D](#Fig2){ref-type="fig"}). These results confirm the potency of our algorithm of combining amplification and upregulation to find a potential significant OR gene in invasive breast cancer.Figure 2(**A**) Hierarchical clustering of the 21 over-expressed ORs based on their level of transcript abundance in breast carcinoma patients showed three distinct OR gene groups. (**B**) Number of cases with upregulated OR in each of the OR groups showed that ORs from group 3 had a significantly greater number of cases compared to group 1 and group 2 ORs (\*\*\*p \< 0.0001). (**C**) Sum of OR upregulation in ORs from group 3 were comparable in all OR groups (\*p \< 0.01, one-way ANOVA). (**D**) By considering the amplification of OR genes in breast carcinoma patients, the highest upregulation levels were observed in OR2B6, OR2T8 and OR2W3.

OR gene mutation occurred in 31% of the breast invasive carcinoma patients. Table [1](#Tab1){ref-type="table"} lists the 15 OR genes with mutations and the number of cases in which they were both mutated and upregulated. None of the mutated OR genes were among the 21 over-expressed OR genes, suggesting that the upregulation of the over-expressed ORs is not associated with OR gene mutation in invasive breast carcinoma patients.Table 1Mutated OR genes in invasive breast carcinoma patients.OR genesOR5I1OR11H1OR2G3OR2T27OR2T33OR4A15OR5AK2OR5L2No. of mutations88776666**OR genesOR5T1OR6K2OR8H1OR8K1OR10G3OR10R2OR14C36**No. of mutations6666666None of these mutated OR genes are among the over-expressed OR gene list.

Supervised clustering of invasive breast carcinoma patients based upon abundance of the 21 over-expressed OR genes resulted in three distinct sub-populations, where one OR genes was uniquely upregulated in each of the three sub-populations (Fig. [3A](#Fig3){ref-type="fig"}). The three ORs with the highest upregulation among all the breast carcinoma patients were: OR2B6, OR2T8, and OR2W3. Cases with significant transcript abundance of OR2B6 are represented in sub-population I, where they possess significantly greater FPKM levels than other cases. Similarly, cases with abundance of OR2T8 and OR2W3 are defined as sub-populations II and III (Fig. [3B](#Fig3){ref-type="fig"}). Transcript abundance of OR6F1 and OR1G1 were also observed in a few patients but these ORs were not significant among the patient sub-populations (Fig. [S2](#MOESM1){ref-type="media"}). Overall, our results suggest that specific sub-populations of invasive breast carcinoma patients have abundance of OR2B6, whereas others have abundance of OR2T8 or OR2W3.Figure 3Top three OR genes expressed in each patient sub-populations. (**A**) Supervised clustering of OR transcript abundance per each patient identified three distinct sub-populations with one specific OR gene upregulation. (**B**) OR2B6 has greater transcript abundance in sub-population I, OR2T8 in sub-population II, OR2W3 in sub-populations III (\*\*\*p \< 0.0001, One-way ANOVA). (**C**) The majority of patients were at stage ii of breast carcinoma in all sub-populations, sub-population III was the only one with stage iv patients which correlates with cancer invasion and recurrence.

Each sub-population of invasive breast carcinoma with abundance of OR2B6, OR2T8 or OR2W3 was characterized by breast cancer molecular subtypes, morphology and disease stages. The only sub-population with stage iv breast cancer cases was sub-population III (OR2W3 upregulation), although other disease stages among the three sub-populations were not different (Fig. [3C](#Fig3){ref-type="fig"}). There was no significant difference among the number of ER-positive, HER2-positive or triple-negative breast cancer (TNBC) cases among the three sub-populations, although slightly more TNBC cases were among the sub-population III (27%) (OR2W3 upregulation) patients compared to sub-populations I and II (25% and 23%) (OR2B6 and OR2T8 upregulation) (Fig. [S3A](#MOESM1){ref-type="media"}). The tumor morphological subtype was not different in distribution among the three sub-populations of invasive breast carcinoma, where majority of cases in all sub-populations had invasive ductal carcinoma (IDC) and a mixed sub-phenotype of IDC and invasive lobular carcinoma (ILC) was observed in a few cases in sub-populations I and III (Fig. [S3B](#MOESM1){ref-type="media"}).

OR2W3 upregulation is potentially correlated with tumor invasion gene markers in invasive breast carcinoma {#Sec5}
----------------------------------------------------------------------------------------------------------

Upregulated OR genes were cross-correlated with the genes in the Oncotype DX and PAM50 panels to examine the involvement of ORs in the underlying pathways that drive breast cancer proliferation or invasion. The Oncotype DX test is a genetic analysis tool commonly used in cancer prognosis and recurrence scoring in clinical settings and incorporates gene signatures correlated with cancer proliferation, invasion, hormone receptors, immune cell activation and a number of reference genes^[@CR19]^. The Oncotype DX genes possessed a distinct pattern of up- or down-regulation among the three sub-populations of invasive breast carcinoma cases with specific OR gene upregulation, and more clearly between sub-populations I and III (Fig. [4A](#Fig4){ref-type="fig"}). Quantitative analysis of transcript abundance among the three sub-populations of OR genes confirmed that the genes associated with breast cancer cell proliferation (MKI67, AURKA, BIRC5, CCNB1, MYBL2) were significantly abundant in sub-population I with OR2B6 upregulation (Figs [4B](#Fig4){ref-type="fig"} and [S4A--C](#MOESM1){ref-type="media"}). Genes associated with breast tumor invasion (CTSV, MMP11) were significantly abundant in sub-population III with OR2W3 upregulation compared to other sub-populations (Fig. [4B](#Fig4){ref-type="fig"}). ESR1 and ERBB2 genes (corresponding to ER and HER2 respectively) were not significantly different among the sub-populations of invasive breast carcinoma, which is in agreement with our breast cancer subtype evaluation among sub-populations with upregulated OR genes in Fig. [S3A](#MOESM1){ref-type="media"}.Figure 4(**A**) Patterns of up or down-regulation of the 21 Oncotype DX gene panel among the invasive breast carcinoma patients. Heatmap shows the breast carcinoma sub-populations in the same order that they were clustered based on upregulation of OR2B6, OR2T8 and OR2W3. (**B**) Transcript abundance of genes associated with breast cancer proliferation were significantly greater in sub-population I with OR2B6 upregulation, and genes associated with cancer invasion were greater in sub-population III with OR2W3 upregulation. (**C**) Heatmap of PAM50 genes upregulation in invasive breast carcinoma patients, the patient sub-populations are in the same order that they were clustered based on upregulation of OR2B6, OR2T8 and OR2W3. (**D**) 60% of the sub-population III with OR2W3 matched the basal-like subtype. (**E**) Sub-population I, with OR2B6 upregulation, had significantly greater levels MLPH and GPR160, whereas sub-population III with OR2W3 upregulation had greater levels of CEP55 and CDH3 (\*p \< 0.05, One-way ANOVA).

Similar analysis was performed on the PAM50 genes among the invasive breast carcinoma sub-populations of OR genes (Fig. [4C](#Fig4){ref-type="fig"}). PAM50 is a genetic test for identification of intrinsic subtypes of breast tumors and predicting the chemotherapy efficacy in breast cancer patients^[@CR20],[@CR21]^. The majority of the cases among the sub-population I with OR2B6 upregulation matched signatures of Luminal A, whereas sub-population III with OR2W3 upregulation matched signatures of Basal-like subtypes (Fig. [4D](#Fig4){ref-type="fig"}), although cases with signatures of Luminal B or HER2-enriched subtypes were also observed in all three sub-populations of OR genes. CEP55 and CDH3 genes were significantly upregulated in sub-population III with OR2W3, indicating a correlation to Basal-like subtype. Similarly, MLPH and GPR160 genes were significantly upregulated in sub-population I with OR2B6, indicating a correlation to Luminal A subtype (Fig. [4E](#Fig4){ref-type="fig"}).

OR2W3 is associated with decreased survival probability in invasive breast carcinoma patients {#Sec6}
---------------------------------------------------------------------------------------------

OR2W3 gene upregulation significantly decreased the survival probability in invasive breast carcinoma patients to 35% after 150 months (Fig. [5A](#Fig5){ref-type="fig"}) and to nearly zero after 250 months (Fig. [S5A](#MOESM1){ref-type="media"}) compared to 85% in patients with no OR2W3 upregulation. However, upregulation of OR2B6 and OR2T8 did not have any significant effect on the survival probability of the invasive breast carcinoma patients (Fig. [5B,C](#Fig5){ref-type="fig"}). Our results suggest that among the over-expressed ORs, OR2W3 may have an impact on the survival probability among invasive breast carcinoma patients.Figure 5Kaplan-Meier plots of survival probability in invasive breast carcinoma patients. (**A**) OR2W3 upregulation resulted in significantly lower survival probability among invasive breast carcinoma patients (\*p \< 0.05, log-rank test). (**B**) OR2T8 upregulation and (**C**) OR2B6 upregulation among the invasive breast carcinoma patients did not result in lower survival probability.

When any of the OR genes from Group3 were expressed in invasive breast carcinoma patients, significantly less survival probability (20%) was observed compared to other patients (60%) (Fig. [S5B](#MOESM1){ref-type="media"}). This may suggest that ORs from Group3, although not having the greatest upregulation levels, may be potentially significant in estimating the survival chance of breast carcinoma patients. However, when any OR genes of Group1 and Group2 were upregulated, no significant change in the survival probability of invasive breast carcinoma patients was observed. This does not contradict our OR2W3-specific results, as all the ORs from Group2 were analyzed as a cohort in this comparison.

OR2B6 and OR2W3 are also upregulated in human breast cancer cell lines {#Sec7}
----------------------------------------------------------------------

54 of 56 human breast cancer cell lines were associated with significant upregulation of at least one OR. Supervised clustering of the human breast cancer cell lines based upon abundance of the over-expressed OR genes stratified the cell lines into three distinct groups (Fig. [6A](#Fig6){ref-type="fig"}). Each cell line group was characterized by significantly elevated upregulation levels of one OR gene: OR2B6, OR5AU1 or OR2W3, in groups I, II and III respectively (Fig. [6B](#Fig6){ref-type="fig"}). A comparison between the OR transcript abundance in breast carcinoma patients (Fig. [3A](#Fig3){ref-type="fig"}) and human breast cancer cell lines (Fig. [6A](#Fig6){ref-type="fig"}) identified two OR genes that were upregulated in both cases: OR2B6 and OR2W3. Table [2](#Tab2){ref-type="table"} lists examples of the most commonly used human breast cancer cell lines in which OR2B6 or OR2W3 were upregulated. Our own RNAseq studies have also validated OR transcript abundance in a number of the breast cancer cell lines (underlined in Table [2](#Tab2){ref-type="table"}) and confirmed that our observation of OR upregulation in the breast cancer cell lines are comparable to the results obtained from CCLE (Fig. [S6](#MOESM1){ref-type="media"}). OR2B6 upregulation level was nearly 24-fold greater in invasive breast carcinoma patients (sub-population I) than in human breast cancer cell lines (group I). Similarly, OR2W3 upregulation level was nearly 10-fold greater in invasive breast carcinoma patients (sub-population III) compared to human breast cancer cell lines (group III).Figure 6Transcript abundance of the over-expressed OR genes among 54 human breast cancer cell lines. (**A**) Clustered heatmap of human breast cancer cell lines based on their upregulation of the over-expressed OR genes demonstrated three distinct cell line groups, each with exclusive upregulation of one OR gene. (**B**) Quantitative comparison of the upregulation levels reveals that OR2B6 is significantly upregulated in cell line group I, OR5AU1 is significantly upregulated in cell line group II and OR2W3 is significantly expressed in cell line group III (\*p \< 0.05, One-way ANOVA). (**C**) 90% of breast cancer cell lines in group III were TNBC cell lines. (**D**) The majority of breast cancer cell lines possess high-level amplification in the OR genes with significant abundance.Table 2Examples of human breast cancer cell lines with the highest transcript abundance of OR2B6 and OR2W3.Cell line groupIIIIGeneOR2W3OR2B6Human breast cancer cell lineZR_75HCC1599MDAMB157CAL120[BT549MCF7MDAMB231MDAMB468T47D]{.ul}The underlined breast cancer cell lines were also validated in our lab for their OR upregulation.

We used the shared OR expression to correlate human breast cancer cell lines with characteristics of invasive breast cancer. More than 90% of the breast cancer cell lines in group III with OR2W3 upregulation were TNBC cell lines (Fig. [6C](#Fig6){ref-type="fig"}). TNBC characteristics were also present in group I with OR2B6 upregulation or group II with OR5AU1 upregulation, although represented by lower percentages. HER2-positive cell lines were most strongly associated with group I with OR2B6 upregulation and were excluded from group II with OR5AU1 upregulation. Cell lines with ER-positive characteristics were approximately equally divided among groups I and II and were excluded from group III. Nearly 50% of the cell lines in group II with upregulation of OR5AU1 were not classified among the most common human breast cancer phenotypes (NA). Since OR2W3 was significantly upregulated in breast cancer cell lines of group III, it may be inferred that OR2W3 is upregulated in TNBC cell lines and it may be correlated with breast cancer cell line invasiveness. The molecular characteristics of invasive breast cancer (TNBC, HER2-positive, ER-positive) in the breast cancer cell lines according to their OR gene upregulation were not similar to those observed in breast carcinoma patients, specifically between cell group I and patient sub-population I with OR2B6 upregulation, and between cell group III and patient sub-population III with OR2W3 upregulation.

High-level OR gene amplification occurred in 45 human breast cancer cell lines for at least one significantly abundant OR gene (Fig. [6D](#Fig6){ref-type="fig"}). This confirmed that upregulation and DNA amplification of one or more OR genes are present in the majority of the human breast cancer cell lines studied here that represent the majority of model systems used in breast cancer research.

Discussion {#Sec8}
==========

Upregulation of OR genes have been reported in many tissues under pathological conditions, more specifically in some human cancer types. However, these reports generally examined expression of one OR gene in a few samples without providing an understanding of OR gene correlation to cancer progression supported by population-based statistics. The present work examines the abundance of an understudied gene family, ORs, among invasive breast carcinoma patients and human breast cancer cell lines. We performed a comprehensive statistical analysis on all the protein-coding OR genes among a large population of invasive breast cancer patients. This study is the first to evaluate all the OR genes in human for potential significance in invasive breast carcinoma.

Ectopic expression of OR genes has been confirmed in other human cancer types such as OR51E1 as a marker or potential therapeutic target in gastrointestinal neuroendocrine carcinoma^[@CR15]^, and OR51E2 and OR51E1 in prostate cancer^[@CR12],[@CR22],[@CR23]^. In fact, OR51E2 and OR51E1 have been established as prostate specific G-coupled receptor PSGR and PSGR2 among prostate cancer cells and are associated with tumor progression, cancer cell invasiveness and metastasis^[@CR24]^. Identification of PSGR occurred in early 2000s before next generation sequencing technology was commonly available and the techniques were limited to blotting techniques and individual gene PCRs. PSGR was initially identified in prostate tissue from 50 samples using northern blotting^[@CR22]^. For PSGR2, real-time PCR was used to demonstrate a 10-fold change compared to normal tissue^[@CR23]^. In breast carcinoma, only a handful of recent studies have reported correlations between OR gene expression and invasive breast tumors. In a study on 126 patients with mutations in the checkpoint kinase-2 (CHEK2) gene, transcription of 34 OR genes was elevated^[@CR16]^. Another study examined the expression of OR2B6 among 6 human breast carcinoma samples and confirmed OR2B6 protein expression in tumors by staining^[@CR18]^. Our study uses RNAseq and DNA amplification data for all OR genes in human to provide a correlation between abundance of OR genes and invasive breast cancer and to find any potential significant OR gene as a specific breast cancer marker.

Advancement in the next generation technologies has enabled the identification of OR genes in various tumor samples. However, deriving meaningful information from the complex data obtained from RNAseq requires understanding of breast cancer molecular biology and biostatistics. Statistical models have been applied to minimize the bias introduced by the relative length of transcripts when computing FPKM for one gene in different samples. Some models suggested normalization methods like Trimmed Mean of M-values (TMM)^[@CR25]^ to remove the bias by using factors like RNA production in raw reads instead of transcript length. Other models perform normalization after computing the read counts and are able to evaluate differential expression of genes^[@CR26]^. In this study, we computed FPKM per gene per patient and used a normalization method on FPKM to identify gene upregulation based on the standard deviation (Z-score). Since the levels are normalized, the OR gene upregulations can be compared. In addition, we developed an algorithm for identifying significant ORs by combining upregulation, amplification and prevalence to only choose OR genes that are abundant in a considerable number of breast cancer patients where the corresponding gene is also amplified. Resulting over-expressed ORs among invasive breast carcinoma cases may indicate functional and/or correlative involvement in invasive breast tumors.

Genetic profiling of the tumors may provide a useful resource for discovery of the pathways associated with abnormal gene upregulation in invasive breast carcinoma. The TCGA database provides extensive detailed genomic data in a large cohort and is ideal for our comparative study. TCGA, and more specifically, the invasive breast carcinoma study, has been used for similar genetic verifications, such as understanding the correlation between DNA methylation and gene markers and/or subtypes of breast cancer^[@CR27]--[@CR31]^. Our results, based on statistical analysis of the TCGA invasive breast carcinoma cases, confirm that ORs are significantly expressed among a considerable fraction (\>20%) of the cases. OR2B6, OR2T8 and OR2W3 were significantly upregulated in sup-populations of invasive breast carcinoma patients. Our results regarding OR2B6 abundance is in agreement with the study that reported OR2B6 protein expression in six breast carcinoma tissues^[@CR18]^. Nonetheless, our data is more comprehensive as we confirmed OR2B6 upregulation in a large number of invasive breast carcinoma population and moreover, identified correlations among OR2B6 and breast cancer-related genes associated with cancer cell proliferation. OR2B6 was also correlated in this study with the Luminal A subtype that is known to be an ER-positive breast cancer. Our results also discovered that significant OR2W3 overexpression occurs in the patient sub-populations with elevated levels of breast cancer invasion-related genes and basal-like subtypes that are classified as TNBC. The highest percentage of TNBC cases and all the stage iv tumors were observed in the sub-population with OR2W3 upregulation. Moreover, OR2W3 gene expression was associated with significantly reduced probability of survival among breast carcinoma patients. These results may suggest that OR2W3 is a potential breast cancer invasion marker.

Our examination of OR gene expression in 54 breast cancer cell lines revealed significant upregulation of OR genes, and supervised clustering classified the breast cancer cell lines into three groups each exclusively expressing one OR gene. Importantly, the significant OR genes that were identified based on our methodology among the invasive breast carcinoma patients are also significantly upregulated among the breast cancer cell lines (OR2B6 and OR2W3). This indicates a potential correlation between the clinical significance of OR upregulation and the characteristics of progression and/or invasiveness of these breast cancer cell lines. The majority of the breast cancer cell lines correlated with OR2W3 are TNBC. This important outcome raises previously unknown considerations for the significance of OR2W3 in invasive breast cancers, especially TNBC subtypes and indicates the need for additional correlative and mechanistic investigations. In invasive breast carcinoma patients, tumors with OR2B6 or OR2W3 upregulation possessed comparable numbers of TNBC, HER2-positive, and ER-positive, different than their corresponding groups in breast cancer cell lines. This suggests that other cell phenotypes within tumors may modulate OR gene upregulation and that these phenotypes may be present in any tumor subtype.

Our results may be further analyzed to examine the ectopic expression of OR genes in breast tumors among cancer cells or other tumor resident or infiltrating cell types. Although breast cancer cell lines are not natural tumor cells, they provide models that mimic the tumor cell characteristics. The level of OR gene upregulation is generally lower in pure breast cancer cell lines compared to the OR upregulation levels in invasive breast carcinomas composed of multiple cell subtypes and derived from patient tumors. The elevated degree of upregulation level in breast tumors relative to cell lines potentially suggests a role for tumor microenvironmental characteristics as a supporting driver of OR dysregulation. Another hypothesis consistent with our observations is that non-cancer cells in the tumor, such as immune cells, may overexpress OR genes, perhaps under the dysregulated microenvironmental context created by the tumor. Each of these interesting hypotheses support further investigation.

Conclusion {#Sec9}
==========

This study evaluates the transcript abundance of OR genes in human invasive breast carcinoma. OR2W3 is significantly upregulated among a large sub-population of these patients, in which gene signatures of invasion, cancer progression and basal-like subtype are abundant. Reduced probability of survival associated with OR2W3 upregulation among invasive breast carcinoma patients suggests that OR2W3 may be a potential breast cancer invasion marker. Further investigations are needed to characterize the mechanistic role(s) of OR genes in breast tumor progression.

Materials and Methods {#Sec10}
=====================

Cases {#Sec11}
-----

The provisional breast invasive carcinoma study was selected from the TCGA repository including 1105 cases (March 2018). Among them, 960 cases with raw RNAseq, DNA amplification and survival probability data were selected and used in this study. RNAseq data (raw count files) of the 960 cases were downloaded from the Genomic Data Commons (<https://gdc.nci.nih.gov/>), the data portal for all the TCGA studies available through NCI. The survival and pathological information regarding each of the cases was obtained through the online tool cBioPortal^[@CR32],[@CR33]^.

Cancer cell line data {#Sec12}
---------------------

RNAseq level 3 data of all the cancer cell lines were retrieved from the CCLE database (<http://www.broadinstitute.org/ccle>)^[@CR34],[@CR35]^. The format of the data files was processed RNAseq reads or fragments per kilobase of transcript per million of mapped reads (FPKM). The data corresponding only to the breast cancer cell lines were separated for further analysis.

Cell culture {#Sec13}
------------

Breast cancer and normal mammary epithelial cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA). MDA-MB-231, MDA-MB-468, BT549, T47D and MFC7 human breast cancer cell lines were cultured in a growth medium consisting of high-glucose Dulbecco's modified Eagle's medium (DMEM), 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin (all materials from Fisher Scientific, Hampton, NH) at 37 °C and 5% CO~2~. MCF10A normal human mammary epithelial cells were cultured in mammary endothelial growth medium (MEGM) with 0.4% bovine pituitary extract (BPE), 0.1% hydrocortisone, 0.1% epidermal growth factor (hEGF), 0.1% insulin (Lonza, Walkersville, MD) with addition of 5% horse serum and 1% penicillin/streptomycin (Fisher Scientific) at 37 °C and 5% CO~2~. After two passages, all the cell lines were authenticated using short tandem repeat (STR) analysis (Genetica DNA Laboratories, Inc., Cincinnati, OH). Authentication was assessed by the percent match of each cell line to their corresponding ATCC database (Supplementary Data [S1](#MOESM1){ref-type="media"}).

mRNA isolation {#Sec14}
--------------

Human breast cancer and normal mammary epithelial cells were cultured to 90% confluency and then collected by trypsinization. Total RNA was isolated from each sample using RNeasy tissue cell Mini-kit (Qiagen, Valencia, CA). To ensure high-purity RNA, any residual DNA in the samples was digested using 10 µL RNase-Free DNase set (Qiagen) per sample during the RNA purification procedure.

RNAseq and data analysis {#Sec15}
------------------------

Libraries for RNAseq of cell lines were prepared from the total RNA isolates using PolyA tail selection (TruSeq mRNA library preparation kit, Illumina, San Diego, CA). The prepared libraries were sequenced using a HiSeq2500 (Illumina) as paired-end reads of 75 base-pair nucleotide lengths. The resulting RNAseq FASTQ files were obtained and the quality of the reads was assessed using FastQC v.0.11.0 high throughput sequence QC report tool by confirming that all base-pairs are in the high-quality (green) zone. The reads were aligned and mapped to the *Homo Sapiens* reference genome GRCh38.p10 using STAR read-aligner v.2.5.4^[@CR36]^. SAMTools v.1.6 was used for sorting and indexing the BAM files^[@CR37],[@CR38]^. Quantification of the raw counts in the mapped reads was performed using featureCounts (v1.5.3)^[@CR39]^. The read counts for all entries was used to calculate FPKM. The data was presented as log~2~ transformed to normal distribution which were used for statistical analysis of variant abundance.

The RNAseq level 3 count files of TCGA patient data were obtained from paired-end reads of 76 base-pairs. The FPKM was calculated as above for all patients and subjected to hierarchical clustering for the genes of interest.

Amplification data analysis {#Sec16}
---------------------------

Chromosomal copy number alteration (CNA) of the invasive breast carcinoma patients were obtained from TCGA. The analyzed files of putative CNA by GISTIC 2.0 algorithm (Broad Institute) demonstrated allele amplification, heterozygosity or homozygosity^[@CR27]^. The GISTIC algorithm assigns a putative CNA of 2 when the over-populated loci in genomes of the breast cancer patients are associated with high DNA amplification^[@CR40]^. CNA values are also assigned as 1 for low-level gain, 0 for diploid, −1 for shallow loss of DNA (heterozygous deletion) and −2 for deep DNA deletion (homozygous deletion)^[@CR41]^.

Statistical analysis and calculations {#Sec17}
-------------------------------------

To assess the potential significance of OR genes across all breast cancer patients, statistical calculations were performed on the FPKM data. Transcript abundance of the mRNAs was characterized as the log~2~ FPKM levels of their corresponding gene. The relative transcript abundance of the gene of interest in the breast tumor to its abundance in a normal mammary tissue (reference population, n = 4) was computed. The z-scores are computed as:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{i}$$\end{document}$ is the standard deviation of gene i. Z-score indicates the level of gene i in any tumor away from the mean level in reference tissues, thus z-score \>1 correlates with upregulation and z-score \<−1 correlates with downregulation in that gene. In this study, OR genes with z-score above 2 were considered significantly upregulated whereas z-scores less than −2 were considered significantly downregulated. For each OR gene, the sum of upregulation is defined as:$$\documentclass[12pt]{minimal}
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                \begin{document}$${Z}_{ij}$$\end{document}$ is the z-score of OR~i~ gene in patient j, and m is the total number of patients in the study with any OR gene upregulation. The number of cases with upregulated OR in which OR~i~ has a z-score \>2 is defined by an indicator function as:$$\documentclass[12pt]{minimal}
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To identify the threshold of significance in the sum and weighted OR upregulation and number of cases with upregulated OR genes, we calculated the level of 95% confidence intervals where the upper-tail was used to indicate the higher levels than normal distribution. Standard deviation was used for variance, and p-value ≤ 0.05 represented the threshold of significance.

Supervised clustering was performed by Euclidean distance and Ward linkage method using the cluster package in R. For heatmap display, the supervised FPKM data of the OR genes were the input for the gplots package in R. In the heatmap, the y-data identifies the OR genes where each column represents an individual breast invasive carcinoma patient. Red color is indicative of relative high upregulation of that gene where blue indicates relative low upregulation. Statistical significance for gene abundance among sub-populations was calculated by one-way ANOVA. Similar significance measurement procedures were used for OR genes, Oncotype DX^®^ and PAM50 breast cancer-related genes. The overall survival data of the patients were obtained from TCGA, and the survival package in R was used for computing the survival probability. Significance in survival probability was determined by log-rank analysis (p-value ≤ 0.05). Preparation and statistical analysis for all the graphs were done using GraphPad Prism v7.
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